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ABSTRACT: S t u d i e s  c o n s i d e r i n g  eng ine  type and mode of operat . ion a s  
t h e  most important  f a c t o r s  i n  t h e  c h a r a c t e r i s t i c s  of d i e s e l  
emissions may b e  v a l i d  when look ing  a t  t h e  g r o s s  emis s ion  
parameters :  t o t a l  p a r t i c u l a t e  m a t t e r  (TPM), s o l u b l e  o rgan ic  f r a c t i o n  
(SOF), and s o l i d s .  Recen t ly ,  w e  have c o n c e n t r a t e d  on q u a n t i f y i n g  
s p e c i f i c  chemical s p e c i e s ,  such as po lynuc lea r  a romat i c  hydrocarbons 
( P A H ) ,  which have l e a d  us  t o  b e l i e v e  t h a t  chemical  composi t ion of 
t h e  f u e l  p l a y s  a major r o l e  i n  de t e rmin ing  t h e  c o n c e n t r a t i o n  of 
t h e s e  s p e c i e s  i n  t h e  emis s ions .  

been ob ta ined  t o  a l low us  t o  t es t  f o r  r e l a t i o n s h i p s  between f u e l  
composition and emission pa rame te r s .  Data o b t a i n e d  from samples 
c o l l e c t e d  a t  Michigan Technological  U n i v e r s i t y  and t h e  United S t a t e s  
Bureau of  Mines were analyzed.  Four number 2 d i e s e l  f u e l s  were 
i n v e s t i g a t e d  which v a r i e d  i n  c e t a n e  number, s u l f u r  and a romat i c  
c o n t e n t .  S p e c i f i c  PAH, TPM, SOF, V o l a t i l e  o r g a n i c s  (XOC), s u l f a t e s ,  
hydrocarbons ( H C )  and n i t r o g e n  ox ides  (NOx) d a t a  were t e s t e d  i n  
t h i s  s t u d y .  The r e s u l t s  show t h a t  f u e l  composi t ion may have e f f e c t s  
on s p e c i f i c  p o l l u t a n t  emis s ions .  
INTRODUCTION: Diesel f u e l s  a r e  c h a r a c t e r i z e d  on t h e  b a s i s  o f :  1) 
phys ica l  p r o p e r t i e s  ( such  a s  d e n s i t y ,  v i s c o s i t y ,  and d i s t i l l a t i o n  
p r o f i l e ) ;  2 )  a performance p r o p e r t y  ( c e t a n e  number);  and 3 )  chemical 
p r o p e r t i e s  ( such  a s  s u l f u r ,  a romat i c  and o l e f i n  c o n t e n t ) .  Blending 
of  d i s t i l l a t e s  or f eeds tocks  may be used t o  produce f u e l s  w i th  
d e s i r e d  p r o p e r t i e s  t o  meet t h e  demands of t h e  users and t o  s a t i s f y  
t h e  engine emission s t a n d a r d s  promulgated by government agenc ie s .  

I n  p r e v i o u s  s t u d i e s  (1-4), w e  have proposed t.hat t h e  type  of 
engine and mode of o p e r a t i o n  a r e  t h e  most impor t an t  f a c t o r s  i n  
determining emission c h a r a c t e r i s t i c s .  Th i s  may be  v a l i d  when 
looking a t  g r o s s  c h a r a c t e r i s t i c s  of emis s ions  such a s  t o t a l  
p a r t i c u l a t e  m a t t e r  (TPM) ,  s o l u b l e  o rgan ic  f r a c t i o n  ( S O F ) ,  and 
s u l f a t e .  More r e c e n t l y ,  however, w e  have concentrat .ed on 
q u a n t i f y i n g  s p e c i f i c  chemical  s p e c i e s ,  such a s  c e r t a i n  po lynuc lea r  
aromatic  hydrocarbons ( P A H ) ,  which may have human h e a l t h  impacts ,  
and proposing t h a t  chemical composi t ion of t h e  f u e l  p l a y s  a major 
r o l e  i n  de t e rmin ing  t h e  c o n c e n t r a t i o n  of t h e s e  s p e c i e s  i n  emis s ions .  

S t u d i e s  on f u e l  e f f e c t s  have been c a r r i e d  o u t  by Baranescu (S), 
Wall e t .  a1 (6) and Ullman e t .  a1 (7). Baranescu ( 5 )  and Wall e t .  
a 1  (6) i n v e s t i g a t e d  t h e  impact of f u e l  s u l f u r  on emis s ions  and both. 
concluded t h a t  s u l f u r  must be  removed from d i e s e l  f u e l  f o r  e f f e c t i v e  
p a r t i c l e  emission c o n t r o l .  Ullman e t .  a1 (71, on t h e  o t h e r  hand, 
s t u d i e d  t h e  impact of c e t a n e  number and a romat i c  c o n t e n t  showing 
t h a t  a s  c e t a n e  number i n c r e a s e d  t h e r e  were s i g n i f i c a n t  dec reases  i n  

Th i s  paper  i s  a summary of  s t u d i e s  where s u f f i c i e n t  d a t a  have 
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bo th  gaseous and p a r t i c l e  e m i s s i o n s ,  wh i l e  a romat i c  c o n t e n t  
r e d u c t i o n s  produced v a r i e d  r e s u l t s  on t h e  d i e s e l  emis s ions  s t u d i e d .  
weaver e t .  a1 ( 8 )  have reviewed t h e  l i t e r a t u r e  and have conclrided 
t h a t  t h e  most important  e m i s s i o n - r e l a t e d  p r o p e r t i e s  of d i e s e l  f u e l  
a r e  s u l f u r  and a romat i c  c o n t e n t .  The emissions of PAH compounds. 
however, were n o t  cons ide red  i n  t h e s e  f u e l  e v a l u a t i o n s .  

s u f f i c i e n t  dat.a have been o b t a i n e d  t o  a l low LIS t o  t e s t  f o r  
s i g n i f i c a n t  r e l a t i o n s h i p s  between a number of pa rame te r s .  Data 
ob ta ined  a t  Michigan Techno log ica l  U n i v e r s i t y  (MTU) and from samples 
provided b y  t h e  Twin C i t i e s  Research Cen te r  of t h e  United S t a t e s  
Bureau of Mines (USBM), Minneapol is ,  MN were p r i m a r i l y  used a s  t h e  
b a s i s  of  t h e  s tudy .  Fue l  s t u d i e d  c o n s i s t e d  of t y p e s  where c e t a n e  
number, s u l f u r  c o n t e n t  and a romat i c  c o n t e n t  were v a r i e d  i n  f u e l s  
w i t h  t h e  p h y s i c a l  p r o p e r t i e s  of a number 2 s t a n d a r d  b l end .  S p e c i f i c  
PRH, TPH, SOF, v o l a t i l e  o r g a n i c s  ( X O C ) ,  s u l f a t e s ,  n i t r o g e n  ox ides  
(Nox),  and hydrocarbons (HC) were measured i n  most s t u d i e s .  
EXPERIMENTAL: Four f u e l s  were used i n  g a t h e r i n g  t h e  d a t a  used f o r  
t h i s  pape r .  The d a t a  from t h e  MTU engine s t u d i e s  were o b t a i n e d  
us ing  ~ m o c o  r e g u l a r  s u l f u r  f u e l  ( A R S )  and a Chevron low s u l f u r  ( C L S )  
f u e l .  Data from t h e  USBM eng ine  s t u d i e s  were o b t a i n e d  u s i n g  a 
s p e c i a l l y  p repa red  low a r o m a t i c s  d i e s e l  f u e l  manufactured by Chevron 
(CLAD) a t  i t s  E l  Segundo r e f i n e r y ,  and ano the r  Chevron ce t ane -  
a d j u s t e d  d i e s e l  (CCAD), a commercial ly  a v a i l a b l e  f u e l  used i n  
C a l i f o r n i a  which had its c e t a n e  number a d j u s t e d  from an i n i t i a l  
va lue  of 45 t o  53 by t h e  a d d i t i o n  of  0.3 weight  p e r c e n t  Na l t ane  5308 
c e t a n e  improver ( t o  t h e  same l e v e l  a s  t h e  CLAD f u e l ) .  P r o p e r t i e s  of 
t h e s e  f u e l s  a r e  summarized i n  Tab le  1. Fuel  ana lyses  were provided 
by t h e  s u p p l i e r  and a n a l y s i s  methods (where a v a i l a b l e )  a r e  i n d i c a t e d  
i n  Table 1. 

Emission d a t a  ana lyzed  were from eng ine  tes t  r u n s  conducted a t  
MTU and USBM. Engines used were a Cummins 1988 Model L-10 2 2 4  kw 
d i r e c t - i n j e c t i o n  d i e s e l  eng ine  a t  MTU, r e p r e s e n t a t i v e  of on-highway, 
heavy-duty d i e s e l  e n g i n e s ,  and a 3304 C a t e r p i l l a r  75 kw, i n d i r e c t -  
i n j e c t i o n  eng ine  a t  USBM r e p r e s e n t a t i v e  of  c u r r e n t  mining e n g i n e s .  
The HTU eng ine  was o p e r a t e d  a t  EPA s t e a d y - s t a t e  modes 9 and 11 
( r a t e d  speed  a t  75% and 25% l o a d ,  r e s p e c t i v e l y )  wh i l e  t h e  USBM 
engine was o p e r a t e d  a l i g h t - d u t y  t r a n s i e n t  c y c l e  r e p r e s e n t i n g  mining 
eng ine  o p e r a t i o n . '  The s p e c i f i c s  on t h e  e n g i n e s ,  dynamometers, and 
emissions c o l l e c t i o n  systems a r e  d e s c r i b e d  i n  r e f e r e n c e s  9 and 10. 
The emissions pa rame te r s  measured were TPM, s u l f a t e ,  SOF, 
s e m i - v o l a t i l e  o r g a n i c s ,  c o l l e c t e d  on XAD-2 r e s i n  ( X O C ) ,  HC, and PAH 
( f l u o r a n t h e n e ,  pyrene,  b e n z l a l a n t h r a c e n e ,  ch rysene ,  
benzo[b l f luo ran thene .  b e n z o l k l f l u o r a n t h e n e ,  and b e n z o [ a ] p y r e n e ) .  
~ l l  TPM, s u l f a t e ,  SOF, XOC and PAH a n a l y s e s  were c a r r i e d  o u t  a t  MTU. 
.NOx and HC were measured a t  b o t h  s i t e s .  

Sampling f o r  TPM, SOF and s u l f a t e  was done on Teflon-coated 
P a l l f l e x  f i l t e r s ,  XOC was c o l l e c t e d  on XAD-2 r e s i n  d i r e c t l y  
downstream from t h e  P a l l f l e x  f i l t e r .  TPM and SOF were determined 
9 rav ime t r iCa l lY  from f i l t e r  masses b e f o r e  and a f t e r  exposure and by  
t h e  mass o f  m a t e r i a l  e x t r a c t e d ,  r e s p e c t i v e l y .  S u l f a t e s  were 
measured b y  ion  chromatography of t h e  aqueous e x t r a c t  of t h e  
P a l l f l e x  f i l t e r  u s i n g  a conductance d e t e c t o r .  
u s ing  a hea ted  flame i o n i z a t i o n  d e t e c t o r  and NOX were analyzed u s i n g  
a chemiluminescence a n a l y z e r .  

Th i s  s t u d y  is a summary of  r e su l t s  of  r e s e a r c h  3 c t i v i t i e s  where 

HC were measured 

PAH were ana lyzed  from a f r a c t i o n  
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taken from the methylene chloride extract that was subsequently 
cleaned-up using column chromatography and analyzed by high 
performance liquid chromatography (HPLC) with fluorescence 
detection. The sampling and analysis procedures for these 
parameters are described in detail in reference 9. 

The MTU data for NOx, HC, TPM, SOF, sulfate and XOC were 
analyzed using a 3-way analysis of variance (ANOVA) to determine if 
significant differences in test variables (mode, fuel, or 
aftertreatment device) could be detected within an entire data set 
(9). Two way ANOVAs for the same parameters were used for the USBM 
data to test for fuel or aftertreatment device effects (10). All 
null hypotheses being tested stated that there were no significa.nt 
differences due to mode, fuel or aftertreatment device for the MTU 
data or fuel or aftertreatment device for the USBM data. A 
significance level of 0 . 0 5  was used for all statistical comparisons. 
The statistical treatment of the PAH data sets was further 
complicated due to the presence of less than minimum detection limit 
(MDL) data. These data s e t s  were also analyzed using ANOVA 
techniques, with the less than MDL values replaced by the MDL values 
divided by two (9). In this paper, only the effects of fuel and mode 
are considered for the MTU data and only fuel for the USBM data. 
RESULTS AND DISCUSSION: The results of the chemical analyses for 
the engine emiss"pns parameters TPM, SOF, sulfate, XOC, NOX and HC 
are reported in' ,fable 2 .  Particle- and vapor phase-associated PAH 
values are given in Table 3. Each of these tables is separated into 
two portions with the upper and lower portions, representing the 
values from the MTU studies and the USBM studies, respectively. 
since the data were obtained on two different engines with MTU 
operating at steady-state conditions and USBM operating under 
transient mode conditions, the data were analyzed separately. 
However, comparisons on a relative basis can be made between the 
studies to assess fuel composition effects on emissions. 

the MTU study are given in Table 2 .  All emissions values have been 
converted to mg/std m3 (25OC, 101 KPa). USBM data are given in ppm. 

For the MTU NOX data a significant difference was found for 
both mode and fuel. Both low (CLS) and conventional sulfur ( A R S )  
fuels gave a mode 9 to mode 11 difference in NOX of 68% with the 
lower value at mode 9 attributed to higher combustion temperatures 
compared to mode 11. A significant difference is illustrated in the 
NOx data between fuel types, particularly at mode 9. The USBM data 
gave a 9% decrease in NOx when the low aromatic fuel was used. 
Differences in fuel cetane number may also be responsible for this 
trend in the MTU study, while the USBM study utilized fuels with 
the same cetane number. ullman et. a1 ( 7 )  have shown an inverse NOX 
correlation in their studies of cetane number, as well as a direct 
relationship between NOx and fuel aromatic content. These 
observations are consistent with our findings. 

fuel and mode. Mode 9 compared to mode 11 emissions (Table 2) for 
the CLS and AHS fuels were 20% and.53% lower, respectively. 
Mode-dependent differences are again explained by the increased 
temperatures of mode 9 and subsequently, more of the fuel is 

Gaseous Emissions -The values for the gaseous emissions from 

The HC emissions from the MTU study were also depen'dent on both 
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ox id ized .  Fuel-dependent d i f f e r e n c e s  i n  HC may a l s o  be r e l a t e d  t o  
t h e  ce t ane  number of  t h e  f u e l s .  Ullman e t .  a1 ( 7 )  also showed an 
i n v e r s s  r e l a t i o n s h i p  between c e t a n e  number and HC emis s ions .  

t h e s e  emis s ions  from t h e  MTU d a t a  a n d U S B M  d a t a  a r e  a l s o  
r e p o r t e d  i n  Table  2 f o r  a l l  f u e l s  s t u d i e d .  The v a r i a b i l i t y  of  a l l  
measurements were w i t h i n  the  normal expected ranges f o r  t h e s e  
measured v a l u e s .  

on the  s u l f a t e  c o n c e n t r a t i o n s  which were a t  o r  below t h e  minimum 
d e t e c t i o n  l i m i t  ( M D L )  f o r  a l l  of  t h e  HTU low S u l f u r  ( C L S )  f u e l  
samples and c l o s e  t o  t h e  MDL f o r  t h e  USBM low S u l f u r  (CLAfi 3nd CCAD) 
f u e l  samples .  Within t h e  conven t iona l  ( A R S )  f u e l  d a t a  se ts ,  
s i g n i f i c a n t  d i f f e r e n c e s  i n  s u l f a t e  were d e t e c t e d  between modes 9 and 
11 ( 5 0 %  lower a t  mode 11). The USBM s t u d y  d i d  no t  u t i l i z e  any 
convent ions1 high s u l f u r  f u e l  f o r  comparison. The TPM 
c o n c e n t r a t i o n s  w e r e  s i g n i f i c a n t l y  a f f e c t e d  by mode b u t  no t  f u e l  t ype  
(based cn t h e  MTU d a t a ) .  Th i s  may be  a t t r i b u t e d  i n  p a r t  t.o t h e  
higher  a romat i c s ,  lower c e t a n e  number, and h i g h e r  90% v o l a t i l i t y  
t empera tu r i  of t h e  c ' L s  f u e l  ( T a b l e  1). These f u e l  p r o p e r t i e s  might 
t e n d  t o  cause  inc reased  fclrmation of s r i l i d  p a r t i c u l a t e  m a t t e r  a s  a 
r e s u l t  of t h e  combustion p r o c e s s .  The i n c r e a s e  i n  s o l i d s  diie t o  
f u e l  p r o p e r t i e s  would t h e n  b a l a n c e ,  t o  some e x t e n t ,  t.he s u l f a t e  
reducti:,n a t t . r i b u t e d  t o  t h e  low s u l f u r  f u e l .  The USBM s t u d i e s  
emphasized f u e l s  w i th  s i g n i f i c a n t  d i f f e r e n c e s  i n  aromatic  c o n t e n t  
and t h e i r  r e s u l t s  gave a s i g n i f i c a n t  d i f f e r e n c e  f o r  TPM w i t h  a 134 
dec rease  i n  TPM f o r  %he CLAD compared t o  CCAD. 

f o r  mode o r  f u e l  i n  t h e  MTU s t u d i e s .  USBM f u e l s  were s i g n i f i c a n t l y  
d i f f e r e n t  i n  terms of SOF emiss ions  wi th  a reciuction of 17% when 
-omparing t h e  low a romat i c  f u e l  ( C L A D )  t o  the h i g h e r  a romat i c s  f u e i  
( CCAD) . 

Despi te  t h e  h i g h e r  v a r i a b i l i t y  i n  XOC measurements,  some 
s i g n i f i c a n t  r e l a t i o n s h i p s  were found between f u e l s  and modes i n  t h e  
MTU s t u d i e s .  Use of t h e  conven t iona l  s u l f u r  f u e l  ( A R S )  r e s u l t e d  i n  
lower (27%) XOC c o n c e n t r a t i o n s  than  w i t h  t h e  l o w  s u l f u r  f u e l  ( C L s )  
a t  mode 9 ;  mode 11 showed no f u e l  dependency. Th i s  i s  s i m i l a r  t o  
t h e  s i t u a t i o n  wi th  t h e  HC measurements where t h e  d i f f e r e n c e s  a r e  
more l i k e l y  due t o  d i f f e r e n c e s  i n  f u e l  composit,ion o t h e r  t han  f u e l  
s u l f u r  l e v e l s .  Data f o r  USBM f u e l s  show a s i g n i f i c a n t l y  d i f f e r e n t  
amount of XOC 131% h i g h e r )  w i t h  t h e  CLAD f u e l  a s  compared t o  t h e  
CCAD f u e l .  

PAH Measurements - The P a r t i c l e  and vapor  phase PAH emis s ions  
f o r  a l l  f u e l s  s t u d i e d  a r e  p r e s e n t e d  i n  Table 3 .  For t h e  complete 
s t a t i s t i c a l  t r ea tmen t  of  t h e s e  d a t a  t h e  r e a d e r  is  r e f e r r e d  t o  
r e f e r e n c e  9 which i n c l u d e s  a d i s c u s s i o n  on hand l ing  d a t a  helow 
minimum d e t e c t i o n  l e v e l s .  

There were numerous s i g n i f i c a n t  d i f f e r e n c e s  i n  p a r t i c l e -  
a s s o c i a t e d  PAH emissions ( a s  determined by a n a l y s i s  of SOF samp1e;j) 
i n  t h e  MTU s t u d y  where t h e  CLS f u e l  gave PAH l e v e l s  h ighe r  than t h e  
conven t iona l  A R S  f u e l .  Benz [a l an th racene ,  b e n z o [ b ) f l u o r a n t h e n e ,  
benzo lk l f luo ran thene .  py rene ,  c h r y s e n e .  and benzo la lpy rene  emissions 
f o r  t h e  two f u e l s  were s i g n i f i c a n t l y  d i f f e r e n t  when comparing l i k e  
modes. The o n l y  s i g n i f i c a n t  d i f f e r e n c e  between modes f o r  vapor 
phase a s s o c i a t e d  PAH ( a s  ana lyzed  i n  xOC samples)  was f o r  

TPM, SOF, SULFATE, and XOC Emissions - The mean v a l u e s  f o r  

~ h s  o n l y  s i g n i f i c a n t  e f f e c t  of  f u e l  t ype  on PPM composi t ion was 

S i g n i f i c a n t  d i f f e r e n c e s  were no t  detect .ed i n  SOF c o n c e n t r a t i o n s  
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benzlalanthracene; this difference was significant for both faels. 
For both fuels, the only detectable levels of benzolklfluoranthene 
and benzo[a]pyrene were particle-associated. 

found for chrysene, pyrene, benzlalanthracene, and benzoIblfluor- 
anthene with the higher levels found with lower aromatics (CLAD) 
fuel as compared to the higher aromatics (CCAD) fuel when the SOF 
and XOC values were summed to determine the total emissions. 
CONCLUSION: From these results, we have provided additional 
evidence to support the proposal that fuel composition has effects 
on specific pollutant emissions from diesel engines. More detailed 
analysis o f  fuels (including quantification of important PAH 
compounds and potential PAH precursors in fuel) is necessary in 
order to further define the correlation of fuel parameters and 
emissions. 
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Table 1. Comparison of Properties of Fuels" 

Property ARS CLS CLAD CCAD 

API Gravity 38.4 34.5 

Initial B.P. 162 183 208 
10% 195 224 251 
50% 254 269 284 
90% 307 317 317 
95% 318 331 

Final B.P. 327 352 355 

Carbon (wt.%) 85.6 86.1 
Hydrogen (wt . % )  13.3 13.85 
Sulfur (wt.%) 0.317 0.010 0.03 0.04 
Oxygen (wt.%) 0.06 
Total N (ppm) 40 26.9 98 

Paraffins/Napthenes 73.0 67.8 88.9 
olefins 3.5 2.3 
Aromatics 

- 
Dist. Profile ("C) 

Composition 

Hydrocarbon Type (vel.%) 

FIAM Analysis 23.5 29.9 11 20 
MaSS Spectrometry 23.7 
HPLC 11.2 

Cetane Number 52.8 42.4 53 53 

* Analyses provided by fuel suppliers. 
ARS = Amoco conventional sulfur fuel, CLS = Chevron low sulfur fuel 
CLAD = Chevron low aromatic content fuel, CCAD = Chevron cetane 
adjusted fuel available in California 
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Table 1. Comparison of Properties of Fuels" 

0.04 

Property ARS CLS CLAD CCAD 

API Gravity 38.4 34.5 
Dist. Profile ("C) 
Initial B.P. 162 183 208 

10% 195 224 251 
50% 254 269 284 
90% 307 317 317 
95% 318 331 

Final B.P. 327 352 355 

Carbon (wt.%) 85.6 86.1 
Hydrogen (wt.9,) 13.3 13.85 
Sulfur (wt.%) 0.317 0.010 0.03 
Oxygen (wt.9.) 0.06 
Total N (ppm) 40 26.9 98 

Composition 

Hydrocarbon Type (vel.%) 
Paraffins/Napthenes 73.0 67.8 88.9 
Olefins 3.5 2.3 
Aromatics 
FIAM Analysis 23.5 29.9 11 20 
Mass Spectrometry 23.7 
HPLC 11.2 

Cetane Number 52.8 42.4 53 53 

* Analyses provided by fuel suppliers. 
ARS = m o c o  conventional sulfur fuel, CLS = Chevron low sulfur fuel 
CLAD = Chevron low aromatic content fuel, CCAD = Chevron cetane 
adjusted fuel available in California 
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Table 3 .  Summary of PAH Emissions Data (ng/m”-std) 
Particle Associated PAH 

Fuel Mode n FLU PYR BaA CHR BbF 

ARS 9 2 1 3 0 0  3 1  140  
( 5 6 )  ( 9 1  (89 

(16) ( 2 0  ( 1 9  

( 3 3 )  (12) ( 6 1 )  

11 4 1200 2000 730 
( 5 . 6 )  ( 9 . 0 )  (18  

CLAD t‘ 6 950  2300 180 
( 8 . 8 )  ( 9 . 0 )  ( 1 . 7  

CCAD t’ 5 940  2100 1 9 0  
( 3 3 )  ( 4 3 )  ’ ( 4 0 )  

11 2 600  7 9  1 7 0  

CLS 9 4 800 2300 1 1 0 0  

_--_____________-_-______________^_ 

1 2 0  
( 9 . 1  

1 2 0  
( 9 . 1  

600 
( 7 4  

180 

BkF BaP 

3 . 6  4 . 4  
100) ( 9 2 )  

5 . 5  4 . 3  
8 . 7 )  ( 3 . 5  

110 1 5 0  
( 8 4 )  ( 8 2 )  

( 6 9 1  ( 1 2 )  
1 4 0  2 2 0  

Vapor Phase Associated PAH (mg/m”-std) 

Fuel Mode n FLU PYR 

ARS 9 2 1700 3 0 0  
( 2 2 )  ( 8 4  

11 2 2700  470  
( 2 2 )  ( 2 2  

CLS 9 4 2300 1 8 0 0  
( 5 1 )  ( 2 8 )  

11 4 1 2 0 0  9 1 0  

B aA 

120 

CHR BbF BkF BaP 

200 
(17 

250 270 6 . 5  t 5 ”  < 7 h  
( 1 4 )  ( 1 4 )  ( 7 . 3 )  ( 5 5 )  (18) ..................................................................... 

CLAD t’ 5 1 4 0 0  1800 180 1 5  32 ( 2 -  C Z b  

CCAD t” 6 .  1200 1100 29 24 2 8  7 . 5  C2h 

( 1 0 )  ( 1 5 )  ( 2 8 )  ( 3 7 )  ( 2 4 )  

( 6 . 4 )  (18) ( 4 7 )  ( 5 8 )  (13)  ( 3 2 )  

FLU = fluoranthene, PYR = pyrene, BaA = benz[a]anthracene, 
CHR = chrysene, BbF = benzolblfluoranthene, BaP =benzo[alpyrene, 
BkF = benzo[klfluoranthene - light-duty transient cycle 
I, less than minimum detection limit, no CV reported 
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